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AESTRACT 

T h i s  is  t h e  second quar l y  r e p o r t  on a *- program \ 

t o  develop a 10.6-micron in f ra red  heterodyne mixer ‘and asso-  
c i a t e d  IF preamplif ier  combining as high a s e n s i t i v i t y  and 
as large a n  I F  bandwidth as poss ib le .  

Bw-hg--the -seoond. qua&e’r, - expressions f o r  the con- 
vers ion  ga in ,  no i se  equiva lent  power, and quantum noise  f ac-  
t o r  of the photomixer i n  terms of t h e  measureu I-V cha rac te r-  
i s t i c s  were der ived .  Using measured I-V c h a r a c t e r i s t i c s  of 
a high-speed Ge :Cu m i x e r  element w i t h  laser  l o c a l - o s c i l l a t o r  
power inc iden t ,  t h e  conversion gain,  noise  equiva lent  powery 
and quantum noise f a c t o r  under var ious  IF p r e a m p l i f i e r  con- 
d i t i o n s  have been ca lcu la ted .  A-.conversion g a i n  o f  12.4 db, 

NEP of 6.72 X lom2’ watt/HzQ and a &F of  5.54 db have been 
ca lcu la ted  f o r  a matched mixer and a 3-db IF noise f a c t o r .  
The--mixeul..had a measured dynamic r e s i s t a n c e  of only 1000 
ohms. Using a 50-ohm IF preampl i f ie r  to improve high-fre-  
puency response,  c a l  l a t e d  NEP stays about the same; 
6.83 x watt/Hz . 

------ ~ 

Calcula t ions  were made of t h e  mixer c a r r i e r  l i f e t i m e  
from the d e t e c t o r  response, and va lues  shor te  

m o b i l i t i e s  of 10,000 and 50,000 ern /volt-sec,  r e s p e c t i v e l y ,  
culated7-0.825 and 0.165 nanoseconds f o r  assumed. 

2 

Based the =r it i s  estimated tha t  the  high- 

speed Ge:Cu mixer with 7 m i l l i w a t t  of l a s e r  LO power has 
low-noise capabilities+,,whitrh extend t o  beyond 1 GHz, due t o  
a combination of optimum semiconductor l i fet ime, t r a n s i t  t i m e ,  
dynamic r e s i s t a n c e ,  and c i r c u i t  RC product.  

Mixing a c t i o n  has been obtained i n  a Ge:Cu bu lk  
semiconductor f o r  element a t  10.6 microns using s i g n a l s  from 



two C 0 2  gas lasers. A s inuso ida l  v a r i a t i o n  up t o  s e v e r a l  
megahertz i n  the mixer output vol tage,  caused by the beat 
frequency between the l o c a l  o s c i l l a t o r  and s i g n a l  was ob- 
served. 

A new high-speed G e : C u  mixing element compensated 
with 5 X antimony atoms per  cc was t e s t e d .  A 20 t o  
30 MHz d r i v e r  f o r  an i n f r a r e d  modulator has been b u i l t  and 
t e s t e d .  

iii/iv 
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SECTION I 
INTRODUCTION 

T h i s  i s  t h e  second q u a r t e r l y  progress r e p o r t  on 
a program having as i t s  ob jec t ive  t h e  development of a 10.6- 
micron in f ra red  heterodyne mixer and associa ted  IF  preampli- 
f i e r ,  combining s u b s t a n t i a l l y  increased s e n s i t i v i t y  compared 
wi th  envelope d e t e c t o r s  and maximum IF  bandwidth. Spec i f i c  

-2 0 ob jec t ives  a r e  a noise  equivalent  power (NEP) near  4 x 10 
watt/Hz* and an IF bandwidth of a t  l e a s t  400 MHz. 



SECTION I1 
PERFORMANCE OF HIGH-SPEED Ge:Cu M I X E R  

DERIVED FROM I-V CHARACTERISTICS 

A. INTRODUCTION 

During the f i r s t  quar t e r ,  a t h e o r e t i c a l  a n a l y s i s  
was presented and equat ions were derived for t h e  conversion 
gain,  noise  equiva lent  power, and quantum noise f a c t o r  of 
a 10.6-micron photoconductive m i x e r .  

Values for var ious  physical  parameters were then  
s u b s t i t u t e d  i n  the  equat ions to ob ta in  values for G j  NEP, 
and QF f o r  a high-speed Ge:Cu mixer i n  a coaxia l  high- fre-  
quency mount. 

I n  the  case of microwave mixers, i t  was found ex- 
pedient to pred ic t  and determine conversion g a i n  and noise 
f a c t o r  d i r e c t l y  from t h e  mixer I-V curve, as a means of gain-  
ing engineering i n s i g h t  i n t o  optimum mixer design and opera- 
t ion.  

An analogous approach i s  now presented for t he  in-  
f ra red  photomixer. Equations are derived.  Values for con- 
vers ion  ga in ,  noise  equiva lent  power, and quantum noise 
f a c t o r  a r e  ca lcu la ted  i n  terms of t he  mixer I-V c h a r a c t e r i s -  
t i c ,  including such parameters as DC b i a s  p o l a r i t y ,  l a s e r  
l o c a l - o s c i l l a t o r  d r i v e  
put r e s i s t a n c e ,  and IF 

power, b i a s  cu r ren t ,  I F  ampl i f i e r  in-  
noise f a c t o r .  

FORMULAS FOR INFRARED PHOTOMIXER B. DERIVATION OF I-V 
PERF ORMANC E 

I n  t h i s  s e c t i o n  an expression i s  derived for t h e  
conversion g a i n  of the photomixer i n  terms of i t s  measured 
I-V c h a r a c t e r i s t i c s  a t  var ious power l e v e l s .  T h i s  method of  

3 



estimating conversion g a i n  depends on r e l a t i v e l y  simple 
measurements and i s  use fu l  wi th in  the IF  pass band of the  
photomixer. A r e p r e s e n t a t i v e  I-V c h a r a c t e r i s t i c  i s  g iven  
i n  Figure 1; an AC load l i n e  has been superimposed, The 
s impl i f i ed  c i r c u i t  o f  Figure 2 is  assumed with values of 
load r e s i s t a n c e ,  R, and bias  vol tage  vbb, chosen t o  g ive  
cons tant  cu r ren t  bias. 

From the  I-V c h a r a c t e r i s t i c s ,  t he  t o t a l  cu r ren t ,  
I, i n  the  photomixer can be  w r i t t e n  as a funct ion  of the  i n-  
c i d e n t  r a d i a t i o n ,  P, and t h e  vol tage,  V, developed ac ross  
it r 

I = f ( P , V )  (1 1 

For an incremental  change i n  power (AP) o r  vol tage (AV) the  
concomitant change i n  cu r ren t  ( A I )  i s  expressed as: 

A I  = [$$)v AP 4- (e] AV 
P 

where 

1%) = ra te  of change of cu r ren t  with power for con- 

IkI] = rate  of change o f  cu r ren t  w i t h  vol tage  f o r  con- 
\av P s t a n t  power 

V s t a n t  vol tage  

An incremental  vol tage  appears across  the load r e s i s t o r  RL 
w i t h  s i g n  conventions def ined by 

AV = -RL A I  

Eliminating AV from equat ions 2 and 3 g ivesr  

4 
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FIGURE 1, 1-V CHARACTERISTIC FOR Ge:Cu MIXER ELENENT WITH 
APPLJED LASER POWER A S  A PARAMETER 
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FIGURE 2 ,  SIMPLIFIED MIXER C I R C U I T  
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The bracketed term i n  equat ion 4 p e r t a i n s  t o  the 
dynamic impedance of the photomixer and the  load r e s i s t o r ,  
It can be shown that for maximum power t r a n s f e r  t o  the load 
(matched condi t ions)  : 

For matched condit ions,  equat ion 4 t h e r e f o r e  becomes 

A I  = - AP 
* \ a p  v 

Since t h e  case o f  i n t e r e s t  here has s inuso ida l  
v a r i a t i o n s  i n  I F  cu r ren t  due t o  the  b e a t  frequency between 
the l o c a l  o s c i l l a t o r  and t h e  s i g n a l ,  equat ion 6 i s  r e w r i t t e n  
t o  d i s p l a y  t h e  peak-to-peak values of the IF  cur ren t  and 
the  o p t i c a l  envelope power. 

(A1)P*P = 2 (”) aP *iT (AP)p,p 

Consider now the inc iden t  i l l m l i n a t i o n  which con- 
sists of c o l l i n e a r  l o c a l  o s c i l l a t o r  and s i g n a l  beams, whose 
amplitudes are g iven  r e s p e c t i v e l y  by: 

and 

&-E  s i n  (wet) 

6 E, s i n  (m t + a) 
0 

S 

where 

- 
ffls-ffl0 - 

= an arbi trary phase angle  

7 



The photomixer responds only t o  the envelope o f  
the sum of  these two beams. Neglecting second-order terms 
i n  E,, t h e  envelope amplitude i s  g iven  by* [Eo + E, COS 

(IJJmt + e()]  ; the IF  power across  the load is: 

= [EO + E, cos ( W m t  4- e ( ) ] 2  RL 
'IF 

L 

From t h i s  expression 
t i o n  i n  the IF power 

r 

w e  compute tha t  the peak-to-peak va r i a -  
is: 

1 - 

L J 

R, 

The s i g n a l  power and LO power i n  the  load when taken indepen- 
d e n t l y  a r e :  

Combining equat ions 8 and 9 gives:  

Since the IF s i g n a l  is  s inuso ida l ,  the  peak-to- 
peak cur ren t  can be expressed as: 

(11 1 
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We now def ine  the a v a i l a b l e  conversion g a i n  a s  the r a t i o  of 
I F  power under matched condi t ions  t o  the s i g n a l  power: 

G E- 
's i g  

F i n a l l y ,  combining equat ions 5, 7, 10, 11 and 12 gives:  

T h i s  expression can now be used i n  the  computation of the  
conversion g a i n  ( G ) ,  t h e  noise equiva lent  power (NEP), and 
the  quantum noise  f a c t o r  (@) of t h e  Ge:Cu photomixer for 
a v a r i e t y  of condi t ions .  

C .  PREDICTED MIXER PERFORMANCE FROM I-V CHARACTERISTICS 

The measured I-V c h a r a c t e r i s t i c  (Figures 14 and 15 
of Reference 1) repor ted  i n  t h e  F i r s t  Quarter ly  Report has 
been used t o  p r e d i c t  t h e  expected mixer performance. The 
procedure used i s  as f o l l o w s :  

1. 

2. 

S e l e c t  an Ibias and a curve of constznt  LO power. 
The ir i n t e r s  e c t ion  e s t ab  1 i s  he s the ope r a t  ing poin t  , 
The vol tage  V b i a s  a t  t h e  opera t ing  poin t  i s  used 

t o  compute Ro = 

PLO i s  then  computed from equat ion 11 of Refer-  
ence 2 under t h e  condi t ions that:  

hvLo = 1.875 x 10 -20 jou le ,  

I 
vb ias 
'bias 

3 .  

L = 0.0088 inches 

q = 1.602 x io -I4 coulomb, 
rl = 0.56, 

9 



4. 

5. 

6. 

7, 
8 ,  

9.  

IJ.T = 8.25 x 
Ro, as computed above, i s  obtained g raph ica l ly  
from the I-V c h a r a c t e r i s t i c .  

cm2/volt (obtained from N),  and 

W V b i a s  = cons tant  

is  obtained graphical ly  from a I1 
avJPLO = constant  the I-V c h a r a c t e r i s t i c  

= /-?&I-' f o r  matched condit ions RL 
G i s  computed from equat ion 13, 
NEP i s  computed for a v a r i e t y  of preampl i f ie r  
noise  temperature using equat ion 20 of Reference 1, 
Under t h e  condi t ions  AF = 1 Hz, and TM w 5OK, 
Qj? is  computed f o r  each of the above values of 
NEP by equat ion 21  of Reference 1, 

Under some system condit ions,  it may be expedient 
t o  s a c r i f i c e  NEP f o r  extended frequency performance. T h i s  
t radeoff  i s  obtained by d e l i b e r a t e  mismatching. When the 
photomixer and the preamplif ier  are mismatched, an e f f e c t i v e  
conversion g a i n  is  computed as: 

Under mismatched condi t ions  t h e  value of G e f r  shows t h e  

degradat ion i n  o v e r a l l  mixer ga in ,  

Some sample computations have been performed f o r  
both matched and mismatched condi t ions .  
lated i n  Table I, 

The r e s u l t s  are tabu-  

Four d i f f e r e n t  operat ing condi t ions  are compared 
i n  Table I, Cases 1 and 2 compare the  expected r e s u l t s  for 
a low-voltage bias i n  the forward and reve r se  d i r e c t i o n s  
under matched condetions,  A s  can be seen from Table I, the 
forward bias  condi t ion  has 'ibout 5 db more conversion gain,  

10 



a 20 percent  lower NEP and 1-db lower quantum f a c t o r  (QF) 
f o r  an  IF’ noise  f i g u r e  of 3 db. 

The r e s u l t a n t  mixer performance degradat ion due 
t o  a degraded IF noise  f i g u r e  is a l s o  shown. 
seen, the  &F f o r  the forward bias case only degraded 3-25 db 

f o r  a 3-db degradat ion i n  IF  noise  f i g u r e  but t h e  r eve r se  
bias m i x e r  Q,F degraded 10 db f o r  the  same IF noise  f i g u r e  
degradat ion.  

A s  can be 

Cases 3 and 4 compare matched and mismatched f o r-  
ward bias mixers w i t h  a s u b s t a n t i a l l y  l a r g e r  bias d r i v e .  
An NEP 6.8 X 10 watt/Hz , corresponding t o  QF 5.6 db, 

i s  ca lcu la ted  f o r  a l o c a l- o s c i l l a t o r  d r i v e  near 7 m i l l i w a t t s  
and 30-volt DC bias, y ie ld ing  conversion ga ins  of 12.4 and 
4.9 db, f o r  IF input  r e s i s t a n c e s  (load r e s i s t a n c e s )  of 1000 
and 50 ohms, r e s p e c t i v e l y .  

-20 8 

These ca lcu la ted  r e s u l t s  are extremely encouraging, 
s i n c e  they  i n d i c a t e  tha t  l a r g e  IF-bandwidth h i g h- s e n s i t i v i t y  
heterodyne mixer opera t ion  i s  achievable  w i t h  r e a l i z a b l e  l a s e r ,  
semiconductor, and I F  amplif ier  components. The e f f e c t i v e  
conversion g a i n  f o r  the  mismatched case was reduced by 7.6 db 

f o r  a 3-db IF noise f i g u r e  but  the NEP was only degraded by 

1.6 percent  and the QF was degraded by less than  a t e n t h  of 
one db when compared wi th  the matched condi t ion .  

It is t h e r e f o r e  concluded that  it i s  poss ib le  t o  
r e a l i z e  good m i x e r  opera t ion  even with d e l i b e r a t e  IF m i s -  
match f o r  large l o c a l - o s c i l l a t o r  power and high cur ren t  bias. 
Another i n t e r e s t i n g  r e s u l t  from Table I i s  that f o r  both 
cases  3 and 4, t h e  NEP and QF degrade neg l ig ib ly  f o r  a 3-db 
degradat ion i n  the IF noise  f igure .  

F ina l ly ,  the frequency response of the  I F  amplif ier  
network inc reases  inve r se ly  w i t h  RL s o  tha t  the mismatched 
mixer (case4) has an  upper frequency l i m i t  f o r  the c i r c u i t  which 
is twenty times higher than  would be obtained f o r  the  matched 
condi t ion  (case 3 ) .  

11 
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SECTION I11 
M I X I N G  EXPERIMENT 

A. GENERAL 

Three approaches have been considered t o  i n v e s t i g a t e  
mixing i n  t h e  10.6-micron region: (1) homodyne, (2)  two- 
laser, and (3) single multimode l a s e r .  Each approach i s  
b r i e f l y  ou t l ined  below: 

1. HOMODYNE 

The homodyne approach uses a s i n g l e  l a s e r  t h a t  is  
s p l i t  i n t o  two beams and l a t e r  recombined a t  the  mixer e l e -  
ment. The s i g n a l  beam can be independently modulated and 
a t t enua ted .  

The mixer i s  usua l ly  followed by a narrow band 
video ampl i f i e r  tuned t o  the  modulation frequency. 

2 .  TWO-LASER M I X I N G  

Mixing using two single-mode l a s e r s  imposes the  
most s t r i n g e n t  alignment requirements of t h e  approaches con- 
s ide red .  The s i g n a l  l a s e r  beam i s  independently a t tenuated  
and made c o l l i n e a r  wi th  the  Lo l a s e r  beam by proper s e l e c t i o n  
and alignment of t h e  o p t i c a l  components. 

The mixer i s  followed by a broad-band high-gain 
I F  ampl i f i e r .  A number of ampl i f i e r s  can be used t o  cover 
t h e  video bandwidth t o  beyond 1000 MHz. The IF ampl i f i e r  
can a l s o  be followed by a spectrum analyzer  t o  view the  RF  
bea t  spectrum. Two-laser mixing i s  t h e  most  d i r e c t  approach 
t o  mixing and o f f e r s  t h e  most promise f o r  the  accura te  meas- 
ment of conversion l o s s ,  NEP, and IF response.  



The two- laser approach has the advantage that  it 
most r e a l i s t i c a l l y  approaches the opera t iona l  communications 
s i t u a t i o n .  T h i s  i s  because i n  the one- laser approach, s i g n a l  
and LO a r e  der ived from the s3me source i n  which case side-  
bands or e x t r a  modes p resen t  i n  the l a s e r  could degrade m i x e r  
NEP . 

3 ,  MULTI-MODE LASER 

Beats can be readi ly  observed i n  a s i n g l e  laser 
o s c i l l a t i n g  simultaneously i n  two modes. The modes involved 
could be TEMoo l o n g i t u d i n a l  modes, higher-order of f -axis  
modes, o r  ( i n  the case of C02)  two frequencies  can be genera-  
ted  by simultaneous o s c i l l a t i o n s  i n  two r o t a t i o n a l  t r a n s i t i o n s  
of GO2. 

more. 
The l a t t e r  are g e n e r a l l y  spaced about 46 GHz o r  

The long i tud ina l  modes of a two-mirror l a s e r  r e -  
sonator  have a frequency separa t ion  given byx 

C A f  =-- 2L 

where A f  = frequency spacing between modes 
C = v e l o c i t y  of  l i g h t  
L = mirror  spacing 

A &meter long C02 laser cav i ty ,  f o r  example, w i l l  
have a mode spacing near 37 MHz. Therefore, there can be 
two l ong i tud ina l  modes present  wi th in  the ampl i f i ca t ion  band- 
width of the  Cog gas ( t y p i c a l l y  52 M H z ) ,  

The  s i n g l e ,  multi-mode laser approach s impl i f ies  
the alignment problem bu t  has the d i s t i n c t  disadvantage that  
the  s i g n a l  and l o c a l  o s c i l l a t o r  beams cannot be independently 
modulated and a t tenuated .  

14 



For approaches 1 and 2, t h e  threshold  s e n s i t i v i t y  
l e v e l  of t h e  m i x e r  can be determined by decreasing the s i g n a l  
l e v e l  u n t i l  t h e  system i s  noise  l i m i t e d .  T h i s  i s  no t  t r u e  
i n  approach 3. 

B . SETUP FOR TWO-LASER HETERODYNE EXPERDENT 

I n i t i a l  experiments on the  two- laser heterodyne 
approach were performed during t h i s  r e p o r t  period. 
of the experimental  se tup  i s  shown i n  Figure 3. 
o s c i l l a t o r  beam passes d i r e c t l y  through a sodium ch lo r ide  
beamspl i t te r ,  and is  focused by a s p h e r i c a l  m i r r o r  onto the 
mixer. The need f o r  a s p h e r i c a l  mir ror  was discussed i n  the  
F i r s t  Quar te r ly  Report. Signal  power which need only be 

low-power, comes from t h e  second laser and i s  r e f l e c t e d  o f f  
the  f r o n t  su r face  of t h e  beamspl i t te r .  S ignal  power is  
var ied  using th in- f i lm a t t e n u a t o r s  deposi ted on a polyethylene 
s u b s t r a t e .  

A diagram 
The loca l -  

The experimental  se tup  i s  al igned using a v i s i b l e  
He-Ne laser  wi th  the mixer element a t  room temperature.  T h i s  
can be done because a l l  i n f r a r e d  windows and o p t i c a l  compon- 
e n t s  a r e  t r ansparen t  i n  the v i s i b l e .  The path of t h e  v i s i b l e  
beam is  shown by the  dashed l i n e s  i n  Figure 3,  The beam i s  
divided by the  beamsplitter i n t o  the  components, each of 
which t r a v e r s e s  one of the C02 laser tubes ,  The r e f l e c t i o n s  
o f f  t h e  f l a t  rear mi r ro r s  of the C02 lasers are recombined a t  
the m i x e r .  The alignment r e q u i r e s  g r e a t  ca re ,  F i n a l  a l i g n-  
ment i s  made w i t h  the C02 l a s e r s  operat ing,  by peaking t h e  
p rec i s ion  mi r ro r  mounts while monitoring the m i x e r  V- I  char-  
a c t e r i s t i c  on a t r a n s i s t o r  curve t r a c e r  o r  by observing the 
I F  output response of the mixing element. 



COAXIAL LINE 

XING ELEMENT 

FIGURE 3, BLOCK DIAGRAM OF EXPERIMENTAL SETUP FOR TWO 
LASER HETERODYNE MEASUREMENTS 
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C, RUGGEDIZED COP LASER 

The LO laser mount has been ruggedized t o  improve 
the o v e r a l l  system s t a b i l i t y .  The new laser housing i s  shown 
i n  Figure 4, The laser tube i s  conductively cooled by hea t -  
s inking  t o  an  aluminum channel using a h igh  thermal conduc- 
t i v i t y  grease.  Three muffin fans  can be used t o  cool  the 
tube and heat s i n k ,  

The laser tab le  and evacuat ion pump have been shock 
mounted t o  minimize system v i b r a t i o n s .  The pump i s  connected 
through a small ballast tank t o  reduce pressure v a r i a t i o n s .  

Fur ther  s t a b i l i t y  improvement was obtained by 

using a vol tage- regulated power supply, Fluke Model 408B, 
The s t a b i l i t y  of t h i s  system showed an order  of magnitude 
improvement over the previous se tup .  

D EXPERIMENTAL RESULTS 

The two- laser measurement s e t u p  i l l u s t r a t e d  i n  
Figure 3 was used t o  observe mixing a t  10.6 microns, 
m i x e r  and bias supply were followed by a high-gain o s c i l l o -  
scope. The heterodyning of s i g n a l  and l o c a l  o s c i l l a t o r  
generated a d i f f e r e n c e  frequency beat  i n  the m i x e r ,  During 
the i n i t i a l  experiments, d i f f e r e n c e  frequencies  as high as 
3 MHz have been observed on an osc i l loscope .  

The 

Fur ther  work i n  the next r e p o r t  period w i l l  be 
aimed toward improving the  measurement se tup  and measuring 
the  mixer performance i n  d e t a i l .  



FIGURE 4,  RUGGEDIZED HOUSING FOR C 0 2  LASER CAVITY 
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SECTION IV 

DERIVATION OF MIXER IF RESPONSE FROM DETECTOR RESPONSE 

For a photoconductive detector of dark resistance 
and bb' Re, 

in general given by: 

connected in series with a voltage bias source V 
load resistance RL (Figure 21, the signal voltage, vs, is 

GT E- v = Vbb RLRC 
S ( R ~  + R ~ I ~  

where 

G = Generation rate of free carriers by the 
signal radiation, 

7 = Free-carrier lifetime, 

n = Total free-carrier density at thermal 
equilibrium, 

RL = Load resistance, 

= Detector resistance. RC 

For a signal sinusoidally modulated at an angular 
frequency, 'JJ, the generation rate is 

n QA G =  

where 

= Quantum efficiency 
Q = Signal rad'ant flux density in 

2 A = Detector area in ern , as shown in Figure 5. 
photons/cm $ /see, 



pLo 

‘SlG 

F I G U R E  5. D I M E N S I O N S  OF MIXER E L M E N T  
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Substituting equation 17 into equation 16, for 
UT << 1, we obtain 

RLRC nQA2 
vs 'bb n 

For the Ge:Cu high-speed mixer element under 
test, we use the experimental values measured with a small- 
signal black-body source: 

= 1.283 X volt, 

= 7.5 volts, 
vS 

'bb 
RL = 100 kilohms, 

2 A = 4.6 X 

Q = 9.65 X 1013 photons/cm /sec, 

cm2 (0.2 X 0.23 mm ), 
2 

and we take the calculated value n = 56 percent. 

Substituting these values into the above equation, 
we obtain the numerical value for the Ge:Cu high-speed 
mixer element 

7 -16 - w  3.9 x 10 n 

Now, the free-carrier density is giiven by 

where 

o =  Conductivity of the mixer element, 

a = Cross-sectional area of the element 
(perpendicular t o  current flow) 

2 1  



4, = length of the sensor element between 

q = electronic charge = 1.6 X 10 -1-9 coulomb, 

contacts = 0.02 cm (Figure 5) 

IJ. = mobility of the carriers. 

All values required to calculate lifetime from 
equations 18 and 19 are known, except the carrier mobility. 
Two assumed values are used with the actual value believed 
to be in between these: 

Frequency 
Number Carr ie r  Where 

( cm 9 / v o l t  -sec ) c a r r i e r s  (Set 1 (see 1 Begins 
Assu ed Mobility of Free Trans i t  Time Life t ime Ro 11 - O f f  

10,000 4.3 x 105 5.33 x 10-9 8.25 x io-1o 193 M H ~  

50,000 2.1 X lo6 1.07 X 10’’ 1.65 X lo-’’ 965 MHz 

When considerable laser power is incident on the 
detector, the lifetime may get even shorter. The frequency 
where roll-off begins is obtained from the lifetime 7 by the 
expression f = 1/2m. 

The preceding lifetime values are significantly 
shorter than the value given by Yardley and Moore (Refer- 
ence 2), and indicate the potential high-frequency capability 
of the antimony-compensated Ge:Cu high-speed material,. 

As shown in the First Quarterly Report, NEP re- 
mains low to frequencies considerably beyond the roll-off 
frequencies given. 
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SECTION V 
OTHER MrXER MATERIALS 

A. INITIAL TESTS O F  A NEW GeiCu MIXER ELEMENT 

Ge:Cu d e t e c t o r  material grown a t  B e l l  Telephone 
Laborator ies  has been obtained during t h i s  r e p o r t  per iod.  
This i s  high-speed material containing 10l6 copper atoms 
per  cc compensated wi th  5 x atoms per cc Of antimony. 
An element was cu t ,  mounted i n  a high-frequency coaxia l  
mount, and t e s t e d  a t  l i q u i d  helium temperature.  I n i t i a l  
r e s u l t s  were as follows: 

1. Detector  r e s i s t a n c e ,  without laser power appl ied ,  

2 ,  Breakdown vol tage  was near 20 v o l t s .  
3. Measured I-V curves a r e  shown i n  Figure 6 ,  

was 220,000 ohms. 

B. MERCURY-DOPED GERMANIUM 

A m i x e r  element of high-speed Ge:Hg i n  a high- 
frequency coaxia l  mount i s  ready f o r  test. 



A. I- V CHARACTERISTIC 

B. EXPANDED NEGATIVE VOL751GE 

FIGURE 6. I-V CHARACTERISTICS OF HIGH-SPEED G e r C u  MIXER 
NO. 2 WITHOUT LASER POWER APPLIED AT 4.2'K 
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SECTION V I  
DRIVER FOR G a A s  MODULATOR 

An i n f r a r e d  G a A s  modulator has been obtained on 
loan from GSFC. Although t h i s  modulator is designed p r i -  
mar i ly  f o r  the  1 t o  3 micron region, w e  have been considering 
i t s  p o t e n t i a l  usefu lness  f o r  genera t ing  a low-level 10.6- 
micron phase-modulated s igna l ,  by removing the p o l a r i z e r  
and quarter-wave p l a t e ,  which a r e  opaque a t  10.6 microns, 

Manufacturer 's  data on the  modulator i n d i c a t e s  
tha t  40 percent modulation i n  t h e  near i n f r a r e d  can be rea- 
l i z e d  wi th  a 400-volt RMS appl ied  e l e c t r i c  f i e l d .  A t  10.6 
microns, the modulation depth would be propor t ionate ly  lower. 

I n  an at tempt  t o  increase  the modulation depth ,  a 
s p e c i a l  d r i v e r  has been developed (Figure 7) .  A single 
807 Class C ampl i f i e r  wi th  a high-& tank  c i r c u i t  was designed, 
which provides a 1200-volt peak-to-peak swing across  the  G a A s  
c r y s t a l  and i s  tunable  from 20 t o  30 MHz, 

This supply could be used t o  d r i v e  t h e  modulator 
a t  10.6 microns. 



FIGURE 7, DRIVES FOR GaAs MODULATOR 
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S E C T I O N  V I 1  
NEW TECHNOLOGY 

A t  this phase i n  the program, no new technology 
is  bel ieved t o  be repor tab le .  
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SECTION V I 1 1  
ANALYSIS OF PROGRAM STATUS 

A ,  PROGRESS DURING SECOND QUARTER 

During t h e  second quar t e r ,  expressions for the 
conversion gain, noise  equiva lent  power and quantum noise  
f a c t o r  of the  photomixer i n  terms of the measured I-V char-  
a c t e r i s t i c s  were der ived.  Using measured I-V c h a r a c t e r i s t i c s  
of a high-speed Ge:Cu m i x e r  element w i t h  l a s e r  l o c a l - o s c i l -  
l a t o r  power inc iden t ,  the  conversion ga in ,  noise  equiva lent  
power, and quantum noise f a c t o r  under var ious IF  preampl i f ie r  + 

condit ions have been ca lcu la ted .  A conversion g a i n  of 12.4 db, 

ca lcu la ted  f o r  a matched mixer and a 3-db I F  noise  f a c t o r .  
The m i x e r  had a measured dynamic r e s i s t a n c e  of only 1000 
ohms. U s i n g  a 50-ohm I F  preampl i f ie r  t o  improve high- fre-  
quency response, ca lcu la ted  NEP s t a y s  about t h e  same: 6,83 X 

10-20 watt/Hz*! 

NEP of 6.72 x 10 -2 0 watt/Hz -i , and a QF of 5.54 db have been 

Calcula t ions  were made of the mixer c a r r i e r  l i fe-  
time from the d e t e c t o r  response, and values s h o r t e r  than 1 
nanosecond were calculated--0,83 and 0.17 nanosecond f o r  

h 

assumed m o b i l i t i e s  of 10,000 and 5O,OOO cm’/volt-sec, re- 
spec t ive  l y  $ 

Based on the above, it i s  estimated tha t  the  l i g h t -  
speed Ge:Cu m i x e r  w i t h  7 m i l l i w a t t  of laser LO power has low- 
noise c a p a b i l i t i e s ,  which extend t o  beyond 1 GHz, due t o  a 
combination of optimum semiconductor l i f e t i m e ,  t r a n s i t  t i m e ,  
dynamic r e s i s t a n c e  and c i r c u i t  RC product. 

Mixing a c t i o n  has been obtained i n  a Ge:Cu bulk  
semiconductor element a t  10.6 microns. The experimental 
se tup  used two C02 gas lasers whose outputs  combined through 



a beamsplitter, and a high-gain oscilloscope at the output. 
A sinusoidal varizTion up to several megahertz in the mixer 
output voltage, caused by the beat frequency between the 
local oscillator and signal, was observed. 

A new high-speed Ge:Cu mixing element, compensated 
with 5 X 10 -14 antimony atoms per cc was tested. 
30 MHz driver for an infrared modulator has been built and 
tested. 

A 20 t o  

B. PLANS FOR THIRD QUARTER 

Our plans for the third quarter are: 

1. Continue mixing experiments in high-speed 
Ge:Cu mixers and measure performance charac- 
teristics. 

frequency coaxial mount, 

spectrum measurements. 

2. Evaluate high-speed Ge:Hg mixer in high 

3. Give further consideration to shot-noise 

4. Continue theoretical analyses. 
5. Improve laser stability. 
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